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ABSTRACT
We calculate the dispersion measure (DM) contributed by the intergalactic medium (IGM) to the total measured DM for fast
radio bursts (FRBs). We use the MareNostrum Instituto de Ciencias del Espacio (MICE) Onion Universe simulation (Fosalba
et al. 2008) to track the evolution of the dark matter particle density over a large range of redshifts. We convert this dark matter
particle number density to the corresponding free electron density and then integrate it to find the DM as a function of redshift.
This approach yields an intergalactic DM of DMIGM(z = 1) = 800+7000−170 pc cm
−3, with the large errors representative of the
structure in the IGM. We place limits on the redshifts of the current population of observed FRBs. We also use our results to
estimate the host galaxy contribution to the DM for the first repeater, FRB 121102, and show that the most probable host galaxy
DM contribution, DMhost ≈ 310 pc cm−3, is consistent with the estimate made using the Balmer emission lines in the spectrum
of the host galaxy, DMBalmer = 324 pc cm−3 (Tendulkar et al. 2017) We also compare our predictions for the host galaxy
contribution to the DM for the observations of FRB 180924 (Bannister et al. 2019) and FRB 190523 (Ravi et al. 2019), both of
which have been localized to a host galaxy.
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21. INTRODUCTION
Fast radio bursts (FRBs) are extragalactic transient radio
sources which emit bright (∼Jy), millisecond duration bursts.
The first FRB was discovered by Lorimer et al. (2007) in
archival Parkes Telescope data. Since then, at least an ad-
ditional 64 FRBs have been detected with different tele-
scopes around the world (Petroff et al. 2016). Of these 65
FRBs, only two, FRB 121102 (Spitler et al. 2014, 2016)
and FRB 180814.J0422+73 (The CHIME/FRB Collabora-
tion et al. 2019), are known to have emitted multiple bursts.
Out of these two, FRB 121102 has been localized (Chatter-
jee et al. 2017) to a dwarf galaxy at a redshift of z = 0.197
(Tendulkar et al. 2017) with stellar mass ∼108 M (Bassa
et al. 2017). Recently, two more FRBs have been localized in
redshift and to their host galaxies using interferometric tele-
scopes. Bannister et al. (2019) used the Australian Square
Kilometer Array Pathfinder (ASKAP) telescope to localize
FRB 180924 to a redshift of z = 0.32 and an early-type spi-
ral galaxy with a total stellar mass of ∼1010 M. Similarly,
Ravi et al. (2019) used the Deep Synoptic Array (DSA) to
localize FRB 190523 to a redshift of z = 0.66 and a galaxy
with stellar mass ∼1011 M.
When FRBs were first discovered (Lorimer et al. 2007;
Thornton et al. 2013), it was observed that these bursts had a
dispersion measure (DM1) that was significantly higher than
the Milky Way contribution to the DM in that direction calcu-
lated using the NE2001 Galactic free electron density model
(Cordes & Lazio 2002). This led many to believe that these
bursts had an extragalactic, if not cosmological, origin. This
was confirmed when FRB 121102 was found to be of cosmo-
logical origin with the localization and subsequent redshift
measurement of z = 0.197 (Tendulkar et al. 2017).
In general, the DM can be calculated by integrating the free
electron density, ne(z), along a given line of sight, dl, up to a
redshift zmax (Ioka 2003; Inoue 2004; Deng & Zhang 2014;
McQuinn 2014),
DM(zmax) =
∫ zmax
0
ne(z)
1 + z
dl, (1)
where,
dl = c
∣∣∣∣ dtdz
∣∣∣∣ dz
and ∣∣∣∣ dtdz
∣∣∣∣ = 1(1 + z)H(z)
At very low redshifts, z ≈ 0, for example inside the Milky
Way, Eq. 1 reduces to
DM =
∫ L
0
ne(l) dl, (2)
where L is the distance in parsecs. Note that the free elec-
tron density is in units of cm−3 and the distance has units of
1 In this work, we follow the convention from the FRB literature that DM
stands for “dispersion measure” and not “dark matter”.
parsecs (pc), giving DM the units of pc cm−3. The observed
DM of an FRB at redshift z, DMobs, can be split up into the
sum of the contributions of its line-of-sight components
DMobs(z) = DMISM + DMCGM + DMIGM(z) +
DMhost
1 + z
,
(3)
where DMISM represents the contribution from the interstel-
lar medium (ISM) in the Milky Way, DMCGM represents the
DM contribution from the circumgalactic medium (or halo)
around the Milky Way, DMIGM represents the DM contri-
bution from the intergalactic medium (IGM), and DMhost
represents the DM contribution from both the interstellar
medium in the host galaxy and the local environment of the
FRB.
The Milky Way contribution, DMISM, calculated using
Eq. 2, can be modeled using the NE2001 Galactic free elec-
tron density model (Cordes & Lazio 2002) or the free elec-
tron density model proposed by Yao et al. (2017, YMW
model). The circumgalactic medium contribution is usually
assumed as DMCGM = 30 pc cm−3 (Dolag et al. 2015),
though there will be some directional dependence because of
our offset position with respect to the Galactic center. A more
detailed modeling of the circumgalactic medium including
the directional dependence was done by Prochaska & Zheng
(2019a), who found that a better estimate for the disper-
sion measure contribution from the CGM was 50 pc cm−3 <
DMCGM < 80 pc cm−3. We use the estimate made by
Prochaska & Zheng (2019a) in this analysis. This leaves two
unknown quantities in Eq. 3, the intergalactic DMIGM con-
tribution and the host galaxy DMhost contribution.
Since the source (or sources) of FRBs are not yet known
(see Platts et al. (2018) (and the associated FRB Theory
Wiki2) for a collection of all source models presented to
date), it makes theoretically estimating the local environmen-
tal contribution to the total FRB DM difficult. In addition,
since FRBs are located at large distances and most have not
been localized to a host galaxy, it is extremely difficult to
directly probe the environment of the FRB through obser-
vations. This makes it hard to develop models which will
estimate the value or shape of the DM contribution from the
host galaxy of the FRB, DMhost.
On the other hand, it is relatively straightforward to theo-
retically derive the IGM’s contribution to the DM using Eq. 1
and assuming a cosmic reionization history (Ioka 2003; In-
oue 2004; Deng & Zhang 2014; McQuinn 2014). However,
it is difficult to try to observationally constrain the intergalac-
tic DM, DMIGM. The delay in the pulse arrival time due
to dispersion is inversely proportional to the observing fre-
quency, ∝ ν−2, the effect of which is observable at radio
frequencies. Due to a lack of extragalactic transient sources
which are bright enough to be visible in the radio band and
narrow enough to allow DM measurements, there had been
no empirical measurements of intergalactic DMs outside of
2 https://frbtheorycat.org/index.php/Main_Page
3the Milky Way and Magellanic Clouds until the discovery of
FRBs. In spite of the lack of empirically measured values for
DMIGM, we can estimate the IGM’s contribution to the total
DM measured for FRBs by using Eq. 1.
This approach of calculating the intergalactic DM has been
performed in quite a few studies, the most popular of which
are those by Ioka (2003), Inoue (2004), and McQuinn (2014).
Assuming a current free electron density which evolves as
(1 + z)3 and different cosmic reionization histories, Ioka
(2003) and Inoue (2004) were able to estimate the inter-
galactic DM out to redshifts as high as z = 30. Another
method makes use of large cosmological simulations to sim-
ulate the evolution of the intergalactic medium as a func-
tion of redshift. This method was first introduced by Dolag
et al. (2015), where they used simulations of the Galactic
halo (Beck et al. 2013) to estimate the circumgalactic contri-
bution to the DM for FRBs. They also developed and made
use of the Magneticum Pathfinder3 (Dolag et al. 2015) data
set to simulate the dark matter and gas particle particle num-
ber density in the universe as a function of redshift. Using
these simulations, they were able to produce maps of the free
electron density, and thus, the DM as a function of redshift.
The advantages of trying to estimate the intergalactic DM
are twofold. One, we can place upper limits on the red-
shift of the FRBs. If we assume a host galaxy contribution,
DMhost = 0, then we can solve Eq. 3 for DMIGM, and then
use the derived intergalactic DM–z relation to place an up-
per limit on the redshift of the FRB. An example of such an
DMIGM–z relation is that derived by Ioka (2003) and Inoue
(2004), which at low redshifts (z ≤ 2) can be expressed as
DMIGM = 1200 z [pc cm
−3]. (4)
Placing such limits on the redshift of the FRBs is useful when
performing follow-up studies to locate the host galaxy of
the FRB in archival data or estimate the cosmological dis-
tribution of the FRBs to, for example, place limits on the
baryon mass fraction, Ωbary, or probe the reionization his-
tory of the universe (Deng & Zhang 2014). The second ad-
vantage of estimating the intergalactic DM is that it allows
us to place an estimate on the host galaxy DM distribution.
Looking at Eq. 3, we can see that once we know the distribu-
tion of DMIGM, we can directly compute the distribution for
DMhost (within the errors on the estimated Milky Way and
halo contributions). This will allow us to probe the region
local to the FRB itself. Depending on how constraining the
derived DMhost distribution is, this might even allow us to
rule out some of the proposed source models for FRBs.
In this work, we use cosmological simulations made by
the MareNostrum Instituto de Ciencias del Espacio (MICE)
team (Fosalba et al. 2008) which simulate the evolution of
large scale structure through dark matter particles in a red-
shift range 0 < z < 1.4. We describe how we convert from
the dark matter particle number densities reported in these
simulations to baryonic matter density, and then the inter-
3 http://www.magneticum.org/
galactic DM in Sec. 2. Next, we develop intergalactic DM
probability distributions at different redshifts in Sec. 3. Us-
ing these distributions, we place upper limits on the redshifts
for all the observed FRBs in Sec. 4. We exploit the localiza-
tion of FRB 121102 to a host galaxy at a redshift z = 0.19
(Tendulkar et al. 2017) to place limits on the distribution of
the host galaxy DM in Sec. 5. We offer our conclusions in
Sec. 6.
In this work, we assume a flat concordance ΛCDM (Planck
Collaboration et al. 2018) model with the matter density,
Ωm = 0.315, dark energy density, ΩΛ = 0.685, baryonic
matter density, Ωbaryh2 = 0.0224, and Hubble constant,
H0 = 100h km s−1 Mpc−1 with h = 0.7.
2. SIMULATIONS
For this analysis, we make use of the MareNostrum Insti-
tuto de Ciencias del Espacio (MICE) Onion Universe4 sim-
ulation (Fosalba et al. 2008). This is a large N-body dark
matter simulation with 20483 dark matter particles in a box-
size of 3072 Mpc/h. The mass of the dark matter particles in
this simulation is Mdark = 2.9× 1010 M/h. The output of
the simulation is provided in the form of concentric spherical
shell lightcones, which are separated by∼ 70 Myr. The max-
imum radial comoving distance in the simulation is' 3 Gpc,
which corresponds to a redshift of z ' 1.4.
This simulation has a volume that is 216 times the volume
of the Millenium simulation (Springel et al. 2005) and 24000
times the Illustris simulation (Vogelsberger et al. 2014). The
MICE Onion Universe simulation also has more dark mat-
ter particles than the Illustris simulation, giving a better mass
resolution in the simulation. These factors make the MICE
Onion simulation best suited for large scale statistical analy-
ses based on the dark matter distribution. The drawback of
this simulation is the limited spatial resolution offered in the
output dark matter maps with objects smaller than galaxy-
sized halos being unresolved in this simulation. However,
this is not a significant issue for our analysis as we are in-
terested in the intergalactic DM contribution and not the DM
contribution from individual galaxies or their halos. We note
that any intervening halos along the line of sight will con-
tribute to the DM and can do so significantly (Prochaska &
Zheng 2019b).
These data were available in the form of HEALPIX maps
(Go´rski et al. 2005), with a resolution defined by Nside =
4096, providing an angular resolution of 0.85′ on the sky.
The data set contains the dark matter comoving number den-
sity per pixel, in units of (Mpc/h)−3. There are a total
of 265 such maps corresponding to redshifts ranging from
0 . z . 1.4.
2.1. Free electron density and dispersion measure
To calculate the contribution to the DM from the IGM, we
convert the co-moving dark matter number density, ndark(z),
in each dark matter map (labeled with subscript i) at a sky
4 http://maia.ice.cat/mice/
4location given by coordinates φ and θ, to a comoving free
electron density, ne(z),
ne(zi|φ, θ) =ρbary(zi|φ, θ)fe
=
ndark(zi|φ, θ)Υfe
Ξ
. (5)
where ρbary is the baryon matter density, fe is the electron
ionization fraction, Υ is the “mass factor” to convert the dark
matter particle mass to the equivalent baryonic mass and Ξ
is the scaling factor between the dark and baryonic matter
density.
To do this, we first convert the dark matter number den-
sity, ndark(z), to the corresponding baryonic matter number
density, nbary(z), by using the scaling relation between dark
matter and baryonic matter energy density (Komatsu et al.
2011),
Ξ ≡ Ωdark
Ωbary
≈ 26.9
4.6
≈ 5.8, (6)
where Ωdark and Ωbary are the dark matter and baryonic mat-
ter energy density respectively. Since one dark matter parti-
cle of the simulation does not correspond to one baryonic
matter particle, we need to add an additional “mass factor”,
Υ, to get the baryon matter density, ρbary(z). Assuming a
universe containing only hydrogen and helium, the mass fac-
tor is
Υ =
Mdark
(MH +MHe)
, (7)
where MH and MHe are the mass of a hydrogen and helium
atom respectively.
Next, we convert the baryonic matter number density to a
corresponding free electron density. This involves multipli-
cation of the baryonic matter density by an electron ioniza-
tion fraction, fe. Using the formulation presented in Zheng
et al. (2014), we define the electron ionization fraction as,
fe =
[
(1− Y )fHII + 1
4
Y (fHeII + 2fHeIII)
]
, (8)
where Y = 0.25 is the mass fraction of helium, fHII is the
ionization fraction of hydrogen, fHeII and fHeIII are the ion-
ization fractions of single and double ionized helium. In this
work, we assume that the hydrogen and helium in the IGM
are fully ionized, i.e. fHII = fHeIII = 1 and none of the
helium is partially ionized, i.e. fHeII = 0. Given our red-
shift range, we do not expect significant variations in these
parameters.
Putting it all together, we obtain Eq. 5 as
ne(zi|φ, θ) =ρbary(zi|φ, θ)fe
=
ndark(zi|φ, θ)Υfe
Ξ
.
Finally, since each map has a finite width in redshift, ∆z,
we can directly convert the free electron density, ne, to the
DM in each map,
DMmap(zi|φ, θ) = ne(zi|φ, θ)
1 + zi
∆l(zi), (9)
where the factor of (1 + zi) is introduced to account for the
redshift in frequencies between the observer and source rest
frame (Deng & Zhang 2014), and ∆l(zi) is the comoving
width of each map,
∆l = c
∣∣∣∣ dtdz
∣∣∣∣∆z (10)
and ∣∣∣∣ dtdz
∣∣∣∣ = 1(1 + z)H(z)
=
c ∆z
H0(1 + z)(Ωm(1 + z)3 + ΩΛ)
(11)
We compute this comoving width for each map using As-
tropy’s5 (Astropy Collaboration et al. 2013) Cosmology
module. Thus, with the above recipe, we have the DM
contribution from the intergalactic medium, DMmap(zi), at
different redshifts. A few examples of these maps are shown
in Fig. 1. Finally, to compute the integrated DM, DMIGM,
along each line of sight on the sky, we sum the DM contribu-
tion of each map out to the desired redshift,
DMIGM(z|φ, θ) =
zi=z∑
i=1
DMmap(zi|φ, θ) (12)
3. DISPERSION MEASURE STATISTICS
Once we calculate the DM along every line of sight (φ, θ)
as given by Eq. 12, we can construct probability distributions
for the DM at a given redshift. We will look at two methods
of constructing these probability distributions. The first is
to create histograms of DMIGM(z) for all values of (φ, θ).
This is equivalent to assuming that the probability of an FRB
being on any line of sight is the same. Next, we weight the
histograms by assuming that the FRB distribution follows the
matter distribution.
3.1. Uniform Weighting
The intergalactic DM probability distributions created by
assuming an FRB at the end of every line of sight are shown
in the left hand panel of Figure 2. These PDFs are skewed
towards higher values of DM due to the overdensities in the
IGM contributing significantly higher DM than other regions
of the IGM. At redshifts z . 0.1, the IGM is highly struc-
tured, which results in the majority of the sky making a small
DM contribution. However, the structures in the IGM con-
tribute significantly larger DMs, even though there are very
few regions on the sky that contain these structures. This can
be seen in the left-hand panel of Figure 2, where the distribu-
tions for z . 0.1 are heavily concentrated around low values
of DM, with the contribution from the IGM structures visible
as the outliers at significantly high DM values.
5 http://www.astropy.org
5z = 0.1
1 17DMIGM[pc cm
−3]
z = 0.2
5 45DMIGM[pc cm
−3]
z = 0.4
43 164DMIGM[pc cm
−3]
z = 0.8
361 705DMIGM[pc cm
−3]
Figure 1. The intergalactic DM out to a redshift of z = 0.1, 0.2, 0.4, 0.8, in the top-left, top-right, bottom-left and bottom-right panels
respectively. These maps are produced by smoothing the original maps with a symmetrical Gaussian beam for better visualization. Notice that
the color-bar represents different ranges of the intergalactic DM in each map. We can see that at low redshifts, most of the intergalactic DM
contribution is concentrated in filamentary structures on the sky, with the voids on the sky contributing small amounts of DM, which increases
as we move to higher redshifts. An animated GIF image is made available with this paper which shows the variation in the DMIGM on the sky
with respect to redshift.
The most probable (i.e., maximum likelihood) contribu-
tions of the IGM to the DM with uniform weighting as a func-
tion of redshift are shown in Fig. 3. The solid blue line rep-
resents the peaks of the DM probability distributions shown
in Fig. 2, while the blue shaded region represents the 95%
confidence region. The expectation value of the distribution
at each redshift is also shown as the yellow solid line in the
same figure. As we can see, the most probable contribution
of the IGM to the DM tends to be very low up to significantly
high redshifts. The most probable DMIGM does not exceed
100 pc cm−3 until a redshift of z ∼ 0.48, while it does not
exceed 1000 pc cm−3 until a redshift of z ∼ 1.03. However,
we note that there are significant deviations from these most
probable DMs depending on the line of sight along which the
FRB might be located, as is evident from the distributions
plotted in Fig. 2. The expectation value of the distributions
at each redshift is significantly higher than the most probable
values due to the skewed distribution of the IGM DM distri-
bution. We will discuss the significance of this in Sec. 3.3.
3.2. Weighting by the Matter Distribution
We repeat our analysis by assuming that the probability of
an FRB being at the end of a given line of sight is propor-
tional to the matter density at the final redshift map. That
is, rather than add one count to the histogram for each value
of DMIGM(z|φ, θ), we add a weight equal to the number of
dark matter particles, which is proportional to the dark mat-
ter particle number density, ndark(zi|φ, θ). This method as-
sumes that FRBs are more likely to be coincident with higher
matter concentrations (e.g., galaxy clusters) and less likely in
lower matter concentrations (e.g., voids).
The intergalactic DM probability distributions obtained in
this fashion are shown in the right hand panel of Fig 2. We
can see that following this approach leads to a much tighter
distribution of the possible intergalactic DMs than for the
case of uniform weighting. Similarly, we plot the most prob-
able contribution of the IGM under this weighting scheme as
the dashed green line in Fig. 3, with the shaded green region
representing the 95% confidence region.
As we can see in Fig. 3, the most probable contribution
of the intergalactic DM under this weighting scheme closely
tracks the contribution obtained under the uniform weighting
scheme, but with much tighter constraints on the most prob-
able DM values. The tighter constraints on the upper bounds
of the intergalactic DM suggest that this weighting scheme
tends to largely ignore the contribution from the structure
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Figure 2. The intergalactic DM, DMIGM, PDFs are plotted here as a function of redshift. The left panel represents the PDFs obtained using
the uniform weighting scheme, while the right hand panel represents the PDFs obtained using the matter distribution weighting scheme. As
described in Sec. 3, the patchiness of the electron density causes the PDF of DMIGM to be multimodal at redshifts z ≤ 0.1, which results in
most of the sky having very low DMIGM. As we move back in redshift, the distribution of DMIGM becomes more uniform across the sky,
assuming a skewed distribution with long trailing edges visible in the uniform weighted PDFs.
in the IGM, which is represented by the long tails of the
probability distributions obtained in the uniform weighting
scheme. This is to be expected, since the number of pix-
els, and hence the total number of particles, belonging to the
structure at any given redshift are small in number compared
to the majority of the pixels which do not belong to this struc-
ture. Thus, the relative paucity of these pixels results in them
having a smaller overall weight as compared to the pixels
which do not belong to the structures. This results in the fi-
nal PDF de-emphasizing the contribution from the structures,
or tails, of the PDF obtained using the uniform weighting
scheme.
In the rest of the paper, we report values from both of the
weighting schemes wherever it is appropriate.
3.3. Comparison with Other DMIGM Predictions
There have already been a number of estimates of DMIGM
relying on either an analytical approach or simulations of the
IGM. In this section, we compare the results from both of
these approaches with those that we obtain in this work.
The analytical estimates in general rely upon expres-
sions which track the evolution of the free electron den-
sity as a function of redshift. An analytical estimate
of the DMIGM was made by Ioka (2003) and Inoue
(2004), whose model predicted a DMIGM(z = 1) ∼
1200 pc cm−3 (Eq. 4). A similar estimate made by Zhang
(2018) predicts DMIGM(z = 1) ∼ 855 ± 345 pc cm−3.
In comparison, based on our analysis with uniform weight-
ing, we derive a DMIGM(z = 1) ∼ 800+7000−170 pc cm−3,
and with weighting by matter distribution, we derive a
DMIGM(z = 1) ∼ 960+350−160 pc cm−3, where the errors
represent the 95% confidence interval.
As we can see in Fig. 3, the DMIGM estimate made in our
work using the uniform weighting scheme is consistent with
the estimates made in these other works within our confi-
dence intervals. However, the other works like Ioka (2003)
and Inoue (2004) predict higher values of DMIGM at low
redshifts relative to our most probable values, i.e. the mat-
ter distribution weighting scheme. The discrepancy can be
partly explained by the fact that these studies are based on
calculating the mean or expectation values of the DMIGM at
each redshift from analytical expressions. As we show in this
work, especially in Fig. 2, if the underlying probability distri-
bution of the DMIGM is skewed and the analytical approach
does not account for this, the most probable value of the in-
tergalactic DM at any redshift will be systematically lower
than the expectation value of the distribution. If we calculate
the expectation value of log(DMIGM) (treating DMIGM as a
71 10 100 103 104
DMIGM [pc cm
−3]
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Uniform weighting
Matter distribution weighting
Dolag et al., 2015
Inoue, 2004; Ioka, 2003
Expectation value of uniform weighting
FRB 121102 DMIGM using YMW
FRB 121102 DMIGM using NE2001
95% confidence region for uniform weighting
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Figure 3. The redshift is plotted here against the most probable intergalactic DM. The most probable contribution is the peak of the distributions
shown in Fig. 2, with the distributions obtained using the uniform weighting scheme shown as the solid blue line and those obtained using the
matter distribution weighting scheme shown as the dashed green lines. The shaded region represents the 95% confidence interval, which
is measured by excluding 2.5% of the area at the head and tail of the distributions shown in Fig. 2. If the peak of the distribution happens to
coincide with the lowest bin, the lower limit on the confidence interval is set to be equal to the value of the peak. We also plot as the yellow solid
line the expectation value of the intergalactic DM obtained from the uniform weighting scheme. For comparison, we also plot the intergalactic
DM estimates made by Inoue (2004) and Dolag et al. (2015) as pink dash-dot line and brown dashed lines respectively. The vertical dashed
lines represent the DMIGM contribution for FRB 121102, assuming DMhost = 0 (see Eq. 14), when using the YMW model for the Galactic
free electron density while the solid line represents the same but using the NE2001 model. As we can see, the two different models produce
different redshift upper limits, but these are consistent within the large range of predicted DMIGM values. This also illustrates that other models
depend more significantly on the choice of the Galactic free electron density because they have a much steeper redshift to DMIGM mapping.
log-normal random variable) at each redshift in the uniform
weighting scheme, then we obtain values at low redshift that
are more consistent with those obtained by other works as
shown in Fig. 3. In addition, the studies based on analytical
expressions are representative of the average behavior of the
IGM and do not take into account the spatial variation of the
free electron density, and thus the DM, at a given redshift. As
a result, these studies might underestimate the errors on the
DMIGM values.
The other approach for calculating DMIGM is using large
cosmological simulations of dark matter and/or baryonic
matter. McQuinn (2014) used this approach to examine
the spatial variation and found that from redshifts 0.5 to
1, the standard deviation about the mean was between 100
and 400 pc cm−3 (which must be multiplied by ∼2 to ar-
rive at the inner 95% confidence interval assuming Gaussian
statistics) both from analytical expressions and also via a 40
Mpc/h, 2×5123 dark matter particle cosmological simulation
(Faucher-Gigue`re et al. 2011) to arrive at the baryon distribu-
tion for halos along lines of sight. Another estimate of the in-
tergalactic DM contribution was made by Dolag et al. (2015),
where they used Magneticum Pathfinder6 (Dolag et al. 2015)
simulation, with a box size of 896 Mpc/h, which is approx-
imately a factor of 3.4 times smaller than the MICE Onion
simulation used here, to simulate the cosmic web, which in-
cludes both dark matter and gas matter particles. To com-
pare our results with theirs, we calculate the peaks of their
DMIGM (they use the term DMcosmo to represent the same)
distributions in the left-hand panel of Fig. 4 using Eqs. 6–
10 (see Dolag et al. 2015) and plot them alongside our re-
sults in Fig. 3. A similar cosmological-simulation-based es-
6 http://www.magneticum.org/
8timate of the intergalactic DM contribution was also made
by Jaroszynski (2019) using the Illustris simulation (Vogels-
berger et al. 2014), where they directly integrated the free
electron density over the box size of 75 Mpc/h, over a factor
of 100 smaller than the MICE Onion simulation used here,
though containing baryonic physics. In that study, they pre-
dict a DMIGM(z = 1) = 905±115 pc cm−3 (error represents
one standard deviation). The DMIGM estimates from both of
these analyses are consistent with the ones we obtain with the
uniform weighting scheme within the confidence intervals.
However, as with the analytical studies, at low redshift, the
DMIGM estimates from Dolag et al. (2015) are larger than
the most probable values that we calculate. This can be ex-
plained by the fact that the simulation used by Dolag et al.
(2015) has a volume 40 times smaller and spatial resolution
approximately an order of magnitude smaller than our un-
derlying MICE simulation. In addition to this, the mass of
the gas matter particles in their simulation is a factor of 10
smaller than in the MICE simulation. Put together, this im-
plies that Dolag et al. (2015) are able to resolve dense struc-
tures like galaxy groups and halos (which are unresolved in
the MICE simulation). Consequently, this will increase the
average particle density in their simulation, which will in turn
shift the calculated DMIGM towards higher values.
In our work with the MICE simulation, we are probing
structures on much larger scales which the Dolag et al. (2015)
and Jaroszynski (2019) simulations are insensitive to, and
which tend to be rarer and thus have lower spatial densi-
ties. As a result, the inferred DMIGM distribution will peak
at lower values than that for higher resolution surveys like
the one from Dolag et al. (2015) and the Illustris simulation
(Jaroszynski 2019). As noted in Dolag et al. (2015), another
consequence of probing much larger scale structures is that
it allows us to accurately model the tail of the DMIGM dis-
tributions better than Dolag et al. (2015), thereby providing a
more complete representation of the range of DMIGM values
at a given redshift.
Finally, as we move towards higher redshifts the structure
that is seen at low redshifts begins to homogenize. In sim-
ulations such as the ones used by Dolag et al. (2015) and
Jaroszynski (2019), this implies that the fraction of baryons
in the IGM increases towards higher redshifts, i.e. the parti-
cle density attributed to galaxies and their halos decreases,
while that in the IGM increases. As a result, we see the
DMIGM values measured in Dolag et al. (2015) converge to-
wards values that are similar to the most probable values that
we obtain in this work.
The above discussion highlights the difference due to using
a single number over the entire distribution of the DMIGM
in making predictions based on the DMIGM. For example,
estimates of the redshift of the FRB made using the expec-
tation values would tend to be underestimates as compared
to using the most probable values. Since redshift predictions
usually involve the assumption of DMhost = 0, the estimates
based on these studies are interpreted as upper limits. Not ac-
counting for the entire possible range of redshifts might lead
to follow-up searches not exploring the entire redshift space
when searching for the FRB host galaxy in archival data. An-
other consequence of the use of only the expectation values
over the entire distribution of DMIGM would result in under-
estimating the host galaxy contribution to the total DM. This
might hinder the efforts to understand the local environment
of the FRB (or its host galaxy) based on the inferred DM
values (see Sec. 5.2 for an example).
We performed a maximum-likelihood fit for the most prob-
able DMIGM as shown in Fig. 3 with a parabolic curve in
log-log space along with an additional parameter to deter-
mine the uncertainty in the relation. We find the functional
form to be
log10 DM = 0.48(log10 z)
2 + 3.34(log10 z) + 2.98 (13)
where DM is in units of pc cm−3 and the error in the relation
is σlog10 DM = 0.09.
We used the uniform-weighting curve because it avoids the
flattening at z . 0.1, though qualitatively the curves match
quite well at all higher redshifts. This equation can be used to
extrapolate to higher redshifts though of course care should
be taken in doing so.
3.4. IGM DM contribution under 100 Mpc
The galaxy clusters closest to the Milky Way, such as the
Virgo, Fornax and Hydra clusters (Abell et al. 1989), lie
within 100 Mpc (z = 0.023, Wright 2006) of the Milky
Way (Tully et al. 2014). The intergalactic DM contribu-
tion at these low redshifts is small relative to the contribu-
tion from the Milky Way and the host galaxy. For exam-
ple, the Milky Way ISM contribution (not including the halo
contribution) in the direction of the Virgo cluster, which is
at a distance of approximately 20 Mpc (z ≈ 0.004, Wright
2006), is DMISM ≈ 30 pc cm−3 (Cordes & Lazio 2002),
while the intergalactic DM contribution, based on our work,
is DMIGM < 4 pc cm−3.
Because of these low DMs involved, care must be taken
about the range of DMs over which FRBs are searched for in
these nearby clusters.
4. REDSHIFT LIMITS ON FAST RADIO BURSTS
One application of this analysis is in deriving redshift lim-
its for the observed FRBs. Using Eq. 3, we can calculate the
empirical DMIGM,
DMIGM(z) = DMobs−DMISM−DMCGM−DMhost
1 + z
(14)
Given the lack of modeling of the host galaxy DM, we as-
sume DMhost = 0 pc cm−3 for now. This implies that the
redshift limits we derive will be upper limits.
We can compute the joint probability distribution function
(PDF), f(DMIGM, z), by normalizing the two dimensional
histogram shown in Fig. 3. Using this joint PDF and an inter-
galactic DM, DMIGM, deduced from Eq. 14, we can estimate
the probability, f(z|DMIGM), that the FRB lies at a redshift,
9z, by
f(DMIGM, z) = f(z|DMIGM)× f(DMIGM)
=⇒ f(z|DMIGM) = f(DMIGM, z)
f(DMIGM)
,
(15)
where f(DMIGM) accounts for the error on the intergalac-
tic DM deduced from Eq. 14, which includes the error on
the measured total DM and the Milky Way contribution to
the DM and therefore includes the observational uncertain-
ties along with the uncertainties from the Milky Way electron
density model and the CGM.
It is well known that both the NE2001 and YMW mod-
els have difficulties modeling the free electron density in
certain directions (see, for example, Chatterjee et al. 2009;
Deller et al. 2009; Deller et al. 2019). In the following, we
use the NE2001 model assuming a conservative 50% error
(Cordes & Lazio 2002) on the Milky Way’s DM contribu-
tion predicted using this model. We repeated the analysis
with the YMW model, but did not find any significant dif-
ferences in the results because our mapping of the redshift
to DMIGM is much shallower than that for other works, as
explained in Fig. 3. Thus we do not report results from us-
ing the YMW model, but provide the reader the option to
choose between the NE2001 and YMW model in the soft-
ware (Pol & Lam 2019) provided with this paper7. For the
Halo contribution, we use the 50-80 pc cm−3 range from
Prochaska & Zheng (2019a) and then assume that the Halo
contribution is 65± 15 pc cm−3. For all three values, we as-
sume that the probabilities are given by a Gaussian distribu-
tion with standard deviation equal to the appropriate errors.
Then, using Eq. 15, we place upper limits on the redshifts of
the FRBs using both the uniform weighting and matter dis-
tribution weighting, shown in Fig. 4. While we can place
constraining upper limits on the redshifts of other FRBs, we
note that the DM measured for FRB 160102 is high enough
that we can only place a lower limit on the possible redshift
of this source. However, a more reasonable host-galaxy DM
contribution could be used to reduce the amount of DM at-
tributed to the IGM, which would in turn allow us to place
better constraints on the redshift upper limit.
The redshift upper limits predicted using matter distribu-
tion weighting are much tighter than those predicted using
uniform weighting. This is because the intergalactic DM dis-
tributions generated using the matter distribution weighting
scheme are much narrower. Similarly, the larger errors on
the redshifts predicted using uniform weighting, especially
those towards lower redshifts, are a result of the long tails of
the intergalactic DM PDFs shown in Fig. 2. In our opinion,
the redshifts predicted using the matter distribution weight-
ing can be used as upper limits for any given FRB.
7 We provide Python scripts to generate the probable redshift of an FRB
given its total DM and position on the sky in the GitHub repository associ-
ated with this work: https://github.com/NihanPol/DM_IGM
We can use the redshift for FRB 121102 (z = 0.19, Ten-
dulkar et al. 2017) to compare our predictions to the true red-
shift as well as those from other models. Using the uniform
weighting scheme for the intergalactic DM distribution, we
predict a redshift range of z121102,uniform = 0.68+0.17−0.52, while
using the matter distribution weighting scheme, we predict a
redshift limit of z121102,matter = 0.67+0.07−0.13. Both the weight-
ing schemes predict a redshift higher than the true redshift
of FRB 121102, which is to be expected since these predic-
tions assume a host contribution of DMhost = 0 pc cm−3.
As we show in Sec. 5, the host galaxy contribution for FRB
121102 (and probably all FRBs) is significant. Thus, we can
treat z121102 ≤ 0.74 as an upper limit on the redshift of FRB
121102.
We can then compare our redshift upper limits to those
made in other works, especially those by Ioka (2003); Inoue
(2004) who predict an upper limit of z ≤ 0.32. Accounting
for the variance in mapping the DM to redshift (McQuinn
2014) increases this upper limit to z ≤ 0.42. These up-
per limit predictions are smaller than those that we make in
this work and might result in searches for the host galaxy in
archival data not exploring the entire possible redshift space,
as described in Sec. 3.3.
We can make similar comparisons for the two other FRBs
that have been localized in redshift. For FRB 180924 (z =
0.32, Bannister et al. 2019), we predict an upper limit of
z180924,matter . 0.62+0.06−0.12, while using the Ioka (2003),
Inoue (2004) method results in a redshift upper limit of
.0.25 and accounting for the variance suggested by Mc-
Quinn (2014) increases that to .0.35. Similarly for FRB
190523 (z = 0.66, Ravi et al. 2019), we predict an up-
per limit of z190523,matter . 0.87+0.06−0.15, and using the Ioka
(2003), Inoue (2004) method results in a redshift upper limit
of .0.56, which increases to .0.66 when accounting for the
McQuinn (2014) variance. Thus, the upper limits predicted
using Ioka (2003), Inoue (2004) method are in tension with
the measured redshift for FRBs 180924 and 190523 and re-
quire the McQuinn (2014) variance to produce upper limits
consistent with the measure redshifts. Our upper limits are
not susceptible to this problem and provide better estimates
of the resdhift upper limit.
Finally, our limits can be used to eliminate potential host
galaxies that fall above our predicted upper limit on the red-
shift and can reduce the time required to search for a host
galaxy. This will be useful for large field-of-view surveys
which do not have arcsecond localization capabilities and
thus have lots of potential host galaxies in their field-of-
view, for example, the Canadian HI Intensity Mapping Ex-
periment (CHIME) FRB experiment (CHIME/FRB Collabo-
ration et al. 2019).
5. ESTIMATING THE HOST GALAXY DISPERSION
MEASURE
Another application of this work is to allow direct esti-
mates of the host galaxy DM contribution, DMhost, if the
redshift of the FRB, and thus the host galaxy, is known.
Again using Eq. 3, we can directly calculate the PDF for the
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Figure 4. The 95% redshift upper limits on all currently known FRBs using our model of the intergalactic DM, as described in Sec. 4,
assuming DMhost = 0. The redshift limits based on the uniform weighting scheme are shown in blue, while those based on the matter
distribution weighting scheme are shown in orange. These predicted redshifts imply that all FRBs detected so far are likely to be extragalactic
sources. While we can place constraining upper limits on the redshifts of other FRBs, we note that the DM measured for FRB 160102 is high
enough that we can only place a lower limit on the possible redshift of this source.
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DM of the host galaxy,
DMhost = (DMobs −DMISM
−DMCGM −DMIGM) (1 + z) (16)
This DMhost is a sum of the DM local to the source of the
FRB and the DM contributed by the interstellar medium in
the rest of the host galaxy along the line of sight. For non-
repeating FRBs, the observed DM, DMobs will be a single
measured value, while for repeating FRBs, DMobs will be a
distribution depending on the variation of the total measured
DM at different epochs. These short-timescale DM varia-
tions are likely to be local to the source of the FRB and will
be reflected as a broadening in the DMhost PDF calculated
using Eq. 16. We provide Python code to do this calculation
in the same repository that hosts code to calculate the redshift
limits for the FRBs (Pol & Lam 2019)8.
5.1. FRB 121102
The PDFs of the different contributions to the DM are
shown in Fig. 5 using the example of FRB 121102 (Spitler
et al. 2014). Multiple bursts (∼100) have now been de-
tected from FRB 121102 (for example, Scholz et al. 2016;
Gajjar et al. 2018; Zhang et al. 2018). All the bursts have
been observed with an average DM, DMobs = 557 pc cm−3,
though different bursts have shown different DMs (Spitler
et al. 2016; Scholz et al. 2016). Even accounting for the
time-frequency structures of the bursts and correcting the
DMs, Hessels et al. (2019) find true DM variations over time
as well. We combine the DMs reported for FRB 121102
in Spitler et al. (2016) and Scholz et al. (2016) to produce
the conservative distribution of the observed DM given their
wide spread and the use of determining the DM from the peak
signal-to-noise ratio for the bursts; this distribution is shown
in the top panel of Fig. 5.
We compute the Milky Way contribution using the NE2001
model (Cordes & Lazio 2002) which turns out to be
188 pc cm−3. We again assume a 20% error associated with
this Galactic DM contribution (Cordes & Lazio 2002) and a
circumgalactic DM contribution of 65 ± 15 pc cm−3 to the
Galactic DM to get the total DM contribution from the Milky
Way, i.e. DMISM + DMCGM, which is shown in the second
panel in Fig. 5. Finally, using the fact that FRB 121102 lies at
a redshift of z = 0.19, we choose the map at this redshift and
use the PDF of the DMIGM, both with uniform and matter
distribution weighting, in this map as the intergalactic DM
contribution. These PDFs of DMIGM are shown in the third
panel in Fig. 5. Given these distributions, we can calculate
the host galaxy contribution to the DM using Eq. 16. The
host galaxy DM, DMhost, so obtained is shown in the bottom
panel of Fig. 5.
As shown, we derive a broad range of possible DMhost,
with the most probable contribution for the uniform weight-
ing scheme being ≈280 pc cm−3, with an upper limit of
8 https://github.com/NihanPol/DM_IGM
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Figure 5. Top panel: The distribution of the observed total DM
for FRB 121102 generated using the DMs reported in Spitler et al.
(2016) and Scholz et al. (2016). Second panel: The sum of the
Milky Way (Cordes & Lazio 2002) and circumgalactic medium
(halo, Prochaska & Zheng 2019a) contributions to the total DM for
FRB 121102. We assume a 20% error on the Milky Way contribu-
tion to the total DM, while we assume a circumgalactic DM con-
tribution of 65 ± 15 pc cm−3. Third panel: The intergalactic DM
from the redshift slice at z = 0.19 (Tendulkar et al. 2017) gener-
ated in this work, where the black now denotes the uniform weight-
ing scheme and the dashed blue lines show the distributions using
the matter distribution weighting. Note the wide range of scales in-
volved for the matter distribution weighted distribution, shown on a
logarithmic axis on the right. Bottom panel: The host galaxy DM
contribution to the total DM. This is obtained by subtracting the
Milky way, circumgalactic, and IGM DM distributions from the to-
tal DM distribution. As before, the dashed blue line represents the
PDF of the matter distribution weighted distribution, though now on
a linear scale. The dotted gray line shows the Balmer-line-derived
DM of 324 pc cm−3 (Tendulkar et al. 2017). Note the varying
scales on the horizontal axes and that the units are all in the standard
pc cm−3.
340 pc cm−3 at the 95% confidence level. For the mat-
ter distribution weighting, we find that DMhost = 310 ±
60 pc cm−3. The latter is inconsistent with the estimates
of Yang et al. (2017), where they estimated that host con-
tribution was 210 pc cm−3. However, they assumed a Halo
contribution of 30 pc cm−3 and therefore comparing to our
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estimates using ≈ 65 pc cm−3, their estimates are well be-
low ours. As seen in Fig. 5, we find that both of our values
are consistent with that calculated using the Balmer emis-
sion lines in the spectrum of the host galaxy. Converting
the emission measure (EM =
∫
n2e(l) dl) to a DM by as-
suming strong variations in the electron density, Tendulkar
et al. (2017) approximate the host of FRB 121102 to have
DMBalmer = 324 pc cm−3, though this value is highly un-
certain due to the unknown nature of the host environment.
We can instead invert the analysis to constrain properties of
the host galaxy medium. Following Tendulkar et al. (2017)
(see also Cordes et al. 1991, 2016), we have that the DM
value of the host galaxy with total path length L should be
DMhost≈948 pc cm−3
(
L
6 kpc
)1/2
×
[
f
ζ(1 + 2)/4
]1/2(
EMhost
600 pc cm−6
)1/2
(17)
where f is the filling factor of ionizing material in structures
(e.g., clouds), ζ = 〈n2e〉/〈ne〉2 describes the electron-density
variations between structures (ζ = 2 for 100% variations),
and  is the fractional density fluctuation (root-mean-square
density divided by the mean density) within structures ( =
1 for fully modulated). The fiducial value for EMhost ≈
600 pc cm−6 comes from the measurement in Tendulkar et al.
(2017), as does the size of 4 kpc given the maximum diameter
extent of the host galaxy they measure. Given our estimate
of DMhost = 310 pc cm−3, we then have that
f
ζ(1 + 2)/4
≈ 0.11. (18)
Since by definition f and  cannot be greater than unity, and
ζ must be greater than unity, then the filling factor along the
line must be . 4.4%, though it will likely be much less.
5.2. FRB 180924
FRB 180924 has only shown a single burst, but has been
localized to a redshift of z = 0.32 and an early-type spiral
galaxy with stellar mass of 2.2 × 1010 M (Bannister et al.
2019). Using the process described above for FRB 121102,
we derive a host galaxy DM contribution for FRB 180924
to be DMhost,uniform = 210+40−202 pc cm
−3 using the uniform
weighting scheme and DMhost,matter = 220+36−47 pc cm
−3 us-
ing the matter distribution weighting scheme.
When trying to account for the DM budget (Eq. 3) for
this FRB (DMobs = 361 pc cm−3), Bannister et al. (2019)
noticed that using the approach based on Ioka (2003), In-
oue (2004) or Prochaska & Zheng (2019a) for model-
ing the IGM DM resulted in the sum of the DM con-
tribution from the Milky Way (DMISM = 40 pc cm−3),
Milky Way halo (DMCGM = 60 pc cm−3) and IGM
(DMIGM = 307 pc cm−3, Prochaska & Zheng 2019a) ex-
ceeding the total measured DM by 46 pc cm−3. As we can
see from Fig. 3, other IGM DM models predict a contribu-
tion that is about an order of magnitude higher than the most
probable contribution from the IGM at this redshift based
on our work. Since we account for the full IGM DM distri-
bution at a given redshift in our model, our approach is not
susceptible to these problems.
To account for this over-budget DM, Bannister et al. (2019)
used the formalism developed by McQuinn (2014) to model
the uncertainties in the IGM DM. Using this approach, they
were able to satisfy the DM budget by deriving a host galaxy
DM of DMhost = 30−81 pc cm−3, with 95% upper limits of
77−133 pc cm−3 respectively. Using this approach results in
a much lower host galaxy DM contribution for this FRB than
that for FRB 121102. The host galaxy DM values derived
using our model with uniform weighting scheme are consis-
tent with the values derived by Bannister et al. (2019), but
are also consistent with the host galaxy DM for FRB 121102
which would allow for relatively similar local environments.
5.3. FRB 190523
Similar to FRB 180924, FRB 190523 has also shown a sin-
gle burst and has been localized to a redshift of z = 0.66 and
a galaxy with stellar mass of approximately 1.1 × 1011 M
(Ravi et al. 2019). For this FRB, we derive a host galaxy
DM contribution of DMhost,uniform = 420+115−402 pc cm
−3
using the uniform weighting scheme and DMhost,matter =
401+67−184 pc cm
−3 using the matter distribution weighting
scheme.
Just as for FRB 180924, using the Ioka (2003), Inoue
(2004) or Shull & Danforth (2018) based approach im-
plies a very small host galaxy DM contribution for this
FRB (DMobs = 760 pc cm−3, DMISM = 37 pc cm−3,
DMCGM = 50 − 80 pc cm−3, DMIGM = 660 pc cm−3,
Ravi et al. 2019). Including an rms scatter of 200 pc cm−3
on the IGM DM contribution based on the work by McQuinn
(2014) increases the upper limit on the host galaxy DM con-
tribution to ≈210 pc cm−3. This estimate is consistent with
the host galaxy DM calculated using our model with the
uniform weighting scheme.
5.4. Host galaxy DM statistics
With three FRBs now localized in redshift and to host
galaxies of different types, we can begin to search for strong
correlations of the host galaxy DM with other observable
quantities in order to reveal information about the underly-
ing sources of FRBs or their environments (see, for exam-
ple, Margalit et al. 2019). In Figs. 6 and 7, we plot the host
galaxy DM contribution estimated using our model against
the redshift and stellar mass of the host galaxy of the FRB,
respectively. As we can see there do not appear to be any
obvious trends, though we note that our sample size is small
and the host DM might be very heavily influenced by the ori-
entation of the galaxies and the position of the FRB within
the galaxies.
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Figure 6. The host galaxy DM is plotted against the redshift of the
host galaxy of the FRB. The solid lines represent the errors on the
host galaxy DM obtained from the matter density weighted distri-
bution while the dashed lines represent the errors obtained from the
uniform weighting scheme. The solid marker represents the repeater
FRB 121102, while the hollow markers represent the (so far) non-
repeating FRBs 180924 and 190523. There does not appear to be
an obvious strong correlation between these quantities as a function
of redshift.
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Figure 7. The host galaxy DM is plotted against the stellar mass of
the host galaxy of the FRB. The solid lines represent the errors on
the host galaxy DM obtained from the matter density weighted dis-
tribution while the dashed lines represent the errors obtained from
the uniform weighting scheme. The solid marker represents the re-
peater FRB 121102, while the hollow markers represent the (so far)
non-repeating FRBs 180924 and 190523. There does not appear to
be an obvious strong correlation between these quantities as a func-
tion of redshift.
6. CONCLUSION
In this work, we have calculated the DM contribution from
the IGM using large scale cosmological dark matter simula-
tions. We predict lower values of intergalactic DMs at low
redshifts than those predicted by other works such as Ioka
(2003), Inoue (2004), and Dolag et al. (2015). Using our
PDFs for the intergalactic DM contribution at different red-
shifts, we set upper limits on the redshifts of all the observed
FRBs. The predicted redshifts are large enough that we can
conclude FRBs to be extragalactic sources. Using the exam-
ple of the localization of FRB 121102, we demonstrate how
our intergalactic DM PDFs can be used to place constraints
on the DM contribution of the host galaxy and local envi-
ronment of the FRB and show that they are consistent with
the DM measured using Balmer emission lines in the spec-
trum of the host galaxy. We also place constraints on the host
galaxy DM of FRBs 180924 and 190523 which are the other
two FRBs that have been localized in redshift and to a host
galaxy, and look at the variation of the host galaxy DM as a
function of redshift and host galaxy stellar mass.
Localization of FRBs, either through instantaneous high-
time-resolution transient imaging (e.g., realfast; Law et al.
2018, or the DSA110; Ravi 2019) or interferometric detec-
tion of repeaters as with FRB 121102, will allow for the de-
termination of redshifts to FRB hosts, in which case we can
use our results to place limits on the host contribution to the
total dispersion measure. In the cases of other large-scale
FRB surveys where localization is not immediately obtained,
such as with CHIME, SUPERB at Parkes (Bhandari et al.
2018), and UTMOST (Caleb et al. 2016, 2017), our work
provides constraints on the redshifts of FRBs. We have found
that nearly all discovered FRBs so far have z . 1, though as
new surveys are searching over a larger range of DMs, we
will need to extrapolate our results either from the redshifts
we have integrated over so far or from the properties of the
cosmic web simulations themselves and then integrating far-
ther in redshift space.
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